ABSTRACT In this paper, we investigate a joint admission control (AC) and resource allocation (RA) scheme for providing quality of service (QoS) guarantees for video streaming in OFDMA networks. The QoS provisioning is posed as a network utility maximization (NUM) problem. We prove that the QoS requirements are mainly dominated by the average data rate with the aid of diffusion approximation approach, allowing us to decompose the NUM problem into two tractable sub-problems, namely, the AC and the RA sub-problems. We develop an AC algorithm, which enables us to select a maximum user set such that all selected users can meet their QoS requirements related to user perceived video quality during the video playback period. In addition, in order to handle the computational complexity, we further split the RA sub-problem into the constrained Markov decision process associated problems performed at users together with a transmission problem performed at the base station. Correspondingly, we develop a power and sub-carrier allocation algorithm to minimize the average power consumption. The decision of AC is made in a long timescale and depends on the average channel state information (CSI), whereas the decision of RA is made in a short timescale and is subject to both instantaneous CSI and queue state information. Simulation results demonstrate the advantages of the proposed algorithms.
I. INTRODUCTION
Nowadays, with the proliferation of smart devices [1] , [2] , more and more video stream applications are supported by wireless networks [3] , [4] . Additionally, orthogonal frequency division multiple access (OFDMA) has emerged as one of the primal multiple access schemes for multi-user wireless networks, for the reason that OFDMA systems are capable of adaptively allocating power and subcarriers [5] , [6] . From the wireless communications perspective, it is extremely important to dynamically allocate resources (e.g., power and sub-carriers) efficiently due to the scarce and time-variant channel capacity. If not all users can be admitted to join into the network due to the limitation of power and sub-carriers, it makes significance to design user admission control (AC) policy which determines the maximum served user set that the system can support simultaneously. The performance of a wireless video streaming system with limited resources depends heavily on both resource allocation (RA) and AC schemes [7] , [8] .
There are plenty of works focusing on RA in OFDMA systems [9] - [15] . Adaptive RA schemes in OFDM systems have been well investigated in [9] and [10] , which minimize the power consumption with a target transmit rate requirement. A low computational complexity sub-carrier and power allocation algorithm was proposed in [11] , which allows efficient use of the system resource in terms of power in practical OFDMA systems. An energy efficient link adaptation and RA scheme was proposed in [12] , which achieves the system-wide energy efficiency for flat fading OFDMA systems. An optimal sub-carrier and power allocation algorithm was developed in [13] to provide proportional fairness among users and to satisfy the delay requirements of video streaming users. A stochastic model for wireless video streaming over 3GPP Long Term Evolution (LTE) cellular networks was developed in [14] , which copes with optimality and fairness issues known in wireless networks. An energy efficient and fair RA algorithm for multimedia communications over OFDMA systems was developed in [15] . An anti-jamming hybrid-automatic-repeat-request-based power and spectrum assignment scheme was developed in [41] for single-input-multiple-output OFDMA video transmission systems. Yet, the aforementioned works focused on optimizing the physical (PHY) layer performance, and meanwhile the corresponding solutions are derived based on the channel state information (CSI) only. From the perspective of video stream applications, each user maintains a playback buffer [16] to store the received packets before the stored packets are drained at a known playback rate. In general, the transmission scheme should be designed with respect to both CSI and queue state information (QSI) for video streaming systems.
There are few recent works that considered both the QSI and CSI in wireless video streaming systems [17] , [18] . An energy efficient video streaming scheme was proposed in [17] , which analyzed the structure of the optimal power allocation policy. An infinite-horizon average reward constrained Markov decision process (CMDP) based energy efficient video streaming scheme was proposed in [18] , which achieves a good tradeoff between QoS and the transmit power cost. Nevertheless, the RA schemes proposed in [17] and [18] are developed for specified scenarios, i.e., either for the case of one user and two users or for single carrier wireless systems, and hence cannot be applied into OFDMA systems with massive users. In addition, the aforementioned schemes disregard the impact of AC on the system performance of wireless video streaming networks.
The AC and RA have been investigated in literatures [19] - [24] . Joint RA and AC schemes were proposed in [19] - [21] for downlink and uplink OFDMA networks with strict QoS requirements characterized by instantaneous data rate requirements, respectively. An AC algorithm was proposed in [22] to guarantee QoS requirements in terms of packet delay in LTE systems. In [23] , a CMDP based joint AC and RA algorithm was proposed to provide QoS guarantees for delay-sensitive traffic. A joint RA and AC scheme was proposed in [24] , which models the QoS guarantees for video streaming in terms of delay requirements. Considering the information extracted from the application layer, media access control layer and physical layer, a cross-layer design with low computational complexity was employed in [42] to maximize the overall received video quality with the limited network resources and the stringent deadline constraints over OFDMA network. Nevertheless, the aforementioned works focused on providing delay/instantaneous data rate-associated QoS provisioning. For video applications, once the playback buffer empties, the video playback quality perceived by users will be significantly degraded, which is particularly annoying for users [17] , [18] . Hence, the QoS requirements of video streaming should be evaluated by the probability of empty playback buffer during the video playback period rather than the delay or instantaneous data rate requirements.
In this paper, we investigate the joint optimization of AC and RA for providing QoS guarantees for wireless video streaming over OFDMA networks. The QoS provisioning is posed as a network utility maximization (NUM) problem, which is further decomposed into an AC sub-problem and a RA sub-problem equivalently. We solve these two sub-problems separately at two timescales: long timescale driven by the video playback period and short timescale driven by the small-scale fading, for the reason that the period of video playback is typically on the order of hours while the coherence time of channel gain is typically on the order of milliseconds. The AC is to utilize the scarce wireless resource efficiently and is adaptive to the average CSI, such that as many users as possible are admitted to join into the network whilst providing guaranteed QoS support for them. The RA is to minimize the average power consumption and is adaptive to both the dynamics of CSI and QSI.
The main contributions of this paper are outlined as follows:
• We design an analytical framework to study the joint AC and RA for video streaming in OFDMA systems. In addition, we prove that the QoS requirements of users are mainly dominated by the average data rate, and hence develop a problem decomposition approach, with which we decompose the NUM problem into a long timescale AC sub-problem and a short timescale RA sub-problem.
• We develop an AC algorithm to select the maximum users set such that all selected users can meet their QoS requirements during their video playback periods.
• We decompose the RA sub-problem into the CMDP associated sub-problems performed at users together with the transmission sub-problem performed at the base station to reduce the computational complexity. Correspondingly, we propose a power and sub-carrier allocation algorithm to minimize the average power consumption. The remainder of this paper is organized as follows. The system model and the problem formulation are given in Section II. In Section III, we decompose the NUM problem into an AC sub-problem and an RA sub-problem equivalently. In section IV, we propose an AC scheme. In Section V, a power and sub-carrier allocation algorithm is developed. Section VI summarizes the overall solutions, and analyzes the signaling overhead and computational complexity. Section VII presents the simulation results. Section VIII concludes this paper.
Notations: Throughout this paper, sets and scalars are represented by cursive letter A and italic letter A or a, respectively. E {·}, V{·} and · , respectively, stand for the expectation operator, the variance operator and the ceiling operator. E X {·} represents the expectation operator under the distribution X . [x] + denotes the maximum value between x and zero. The function I (·) denotes the indication function such that I (x) = 1 if the event x is true and I (x) = 0 otherwise. And some key mathematical notations used in this paper is summarized in Table 1 .
II. SYSTEM MODEL AND PROBLEM FORMULATION A. NETWORK ARCHITECTURE
We consider a downlink OFDMA system consisting of one base station (BS) and K users (UE), as shown in Fig. 1(a) .
These K UEs are randomly located in the coverage area of the BS, and request for video service from the BS, which is assumed to always have data to transmit. 1 The total system bandwidth is identically divided into B sub-carriers, and the bandwidth of each sub-carrier is W . The number of UEs who are simultaneously admitted to join into the network for acquiring video service is limited due to the limitation of power and bandwidth. A UE is called as a served UE if it is admitted to join into the network; otherwise it is named as a rejected-UE. Let K stand for the set of these K UEs, S ⊆ K denote the set of served-UEs and S be the number of servedUEs. A binary UE indictor is denoted by ρ k ∈ {0, 1}, where ρ k = 1 means that UE k is a served UE and ρ k = 0 means that UE k is a rejected UE.
As shown in Fig. 1(b) , the QoS provisioning architecture consists of two components, namely, AC and RA. When video (connection) requests of these K UEs come to the BS, AC is firstly used to decide the maximum served-UE set S under the condition that all served-UEs can meet their QoS requirements (e.g., the probability of video playback interruption) during their video playback periods. Once the served-UE set S is determined, the BS maintains a separate buffer for each served-UE, and then employ RA with respect to both QSI associated with the playback buffers and CSI to provide QoS guarantees for these S served-UEs. 2 The time horizon is partitioned into time-slots indexed by t. The length of each time-slot is less than the channel coherence time and is on the order of milliseconds. On the other hand, the timescale of video playback period is much longer than the timescale of time-slot, and is typically on the order of minutes or hours. 3 Accordingly, the time-slot and the video playback period are also referred to as short timescale and long timescale later, respectively. Note that if a UE is admitted to join into the network, the BS should allocate power and sub-carriers in each short timescale time-slot to provide video playback quality perceived by the served-UE during the long timescale video playback period. Hence, the decisions of AC and RA shall be made at two timescales: long timescale driven by the video playback period and short timescale driven by the small-scale fading, respectively. We assume 1 This assumption is commonly referred to as the infinite backlog assumption [17] . In practical wireless video streaming networks, though the videos are stored in the remote media server, the BS can acquire any videos from the media sever via sufficiently high speed backhaul with approximate zero delay. Accordingly, the videos are equivalently stored at the BS, and UEs can acquire videos from the BS. 2 What calls for special attention is that the QSI of the buffers maintained at the BS makes no difference on RA due to the infinite backlog assumption. Hence, we only focus on the QSI associated with the playback buffers, and the term, QSI, specifically refers to the QSI of the playback buffers maintained by served-UEs in this paper. 3 For example, the channel coherence time for pedestrian mobility users is around 50 ms but the duration of each time-slot is less than 5ms in next generation wireless systems such as WiMAX. On the other hand, the running time of a movie and an episode of TV series are typically 90 mins and 45 mins, respectively. But most peoples prefer short videos, especially the videos of the length between 60s and 90s. Hence, in this paper, we mainly consider the QoS provisions of short videos, and the timescale of the video playback period is on the order of seconds or minutes. VOLUME 6, 2018 that all video playback periods consist of T time-slots, and this assumption is also employed in [23] , [24] , and [43] when dealing with AC and RA jointly over wireless networks. The relationship between long timescale AC decision and short timescale RA decision is illustrated in Fig. 1(c) .
B. CHANNEL MODEL
To simplify theoretical analysis and develop practical operational algorithms, we assume that all sub-carriers are highly correlated in frequency domain and that UEs feedback the average channel power gain of all sub-carriers to the BS. This mild assumption is commonly referred to as flat fading and also has been used in many other works [12] , [13] , [25] . Let us denote the channel power gain between UE k and the BS in time-slot t acquired at the BS as h k (t) = s k f k (t), where f k (t) corresponds to small-scale fading (e.g., Rayleigh fading), and
k is the long term distance-dependent path gain with D k being the distance between UE k and the BS, and α being the path-loss exponent.
Assumption 1: The small-scale fading f k (t), ∀k, is randomly selected from a finite state space 4 Remark 1: Since the length of each time slot is less than the channel coherence time, it is reasonable that the small-scale fading f k (t) remains fixed within each time slot but i.i.d w.r.t. different slots. Generally, the UE's location do not changes during T time slots i.e., each video playback period, and thus it is reasonable that the distance-dependent path gain remains constant during video playback period.
C. VIDEO PLAYBACK MODEL
For video playback, each served UE maintains a queue, where the departure rate is constant and related with video decoding rate (i.e., playback rate) and the arrival rate is random and affected by the small-scale fading. During the video playback period, when the playback buffer, i.e., this queue, is empty, a playback interruption event occurs. As a result, the video quality perceived by UEs will be degraded, which is particularly annoying for UEs.
In practice, the playback buffer at UE k may have a finite size Q th k , and we have the following assumption on Q th k considering the fact that the current memory-card technology makes it possible to have sufficiently large storage capacity compared to the playback rate.
Assumption 2: We assume Q th k to be sufficiently large versus the playback rate such that we may neglect the buffer overflow and the resultant data bits dropping. In addition, we assume that Q th k = Q th , ∀k, for notation convenience.
D. PROBLEM FORMULATION
According to Fig. 1(b) and Fig. 1(c) , if UE k is a served EU, the BS should allocate power and sub-carriers in each short timescale time-slot t to provide the perceived video playback of UE k during the long timescale video playback period T . Each sub-carrier will be allocated to one UE exclusively in each time-slot, and the number of sub-carriers allocated to UE k in time-slot t is denoted by b k (t). Accordingly, the allocated sub-carriers are expressed as
The data rate of UE k acquired from the BS in time-slot t, ∀t = 1, · · · , T , can be expressed as
where p k (t) is the transmit power per sub-carrier allocated to UE k in time-slot t, ∀t = 1, · · · , T , and N 0 is the power spectral density of the additive white Gaussian noise (AWGN).
Note that the transmit power should be not greater than the maximum transmit power P max , and therefore
Let Q (t) = {Q 1 (t) , · · · , Q S (t)} be the instantaneous QSI with respect to the playback buffer of the system, where Q k (t) denotes the number of packets in the playback buffer of served-UE k at the beginning of time-slot t. The dynamic of the playback buffer of served-UE k is [17] 
where µ k is the desired constant playback rate of served-UE k, τ is the time-slot length, and L k is the packet size of the video requested by served-UE k. We assume that L k = L, ∀k, for notation convenience.
Definition 1 (System States):
The global system state in time-slot t is defined by X (t) = (Q (t) , H (t)), where H (t) = {h k (t) , ∀k ∈ S} is the instantaneous CSI of served-UEs in time-slot t. The local state of served-UE k in time-slot t is denoted by X k (t) = {h k (t) , Q k (t)}. The average CSI of the system is defined by Y = {s k , ∀k ∈ K}.
Since the video playback quality perceived by served-UE k will be degraded whenever Q k (t) = 0 during the video playback period T , we have the definition of user perceived QoS requirement below.
Definition 2 (Video Playback Qualiy):
The user perceived QoS requirement is statistically characterized by the playback interruption probability Pr (Q k = 0) during the video playback period T . In order to provide high video playback quality perceived by served-UE k, Pr (Q k = 0) should be not greater than the threshold level ε k , which is typically a sufficiently small value, and hence
As in works [17] , [18] , we assume that the BS has knowledge of the global system state X (t). Hence, at the beginning of time-slot t, the BS determines the power and sub-carrier allocation actions based on the global system state X (t) according to the following stationary control policy.
Definition 3 (Stationary Control Policy):
Given the served-UE set S, a stationary transmit power and sub-carrier control policy = p , s is a mapping from the global system state X to the power and sub-carrier allocation actions, where p and s denote the power control sub-policy and the sub-carrier control sub-policy, respectively.
A policy is called feasible if the associated actions satisfy the sub-carrier constraint (1), the transmit power constraint (3), and the QoS requirement (5) .
To evaluate the maximum number of served-UEs that the BS can support simultaneously and also the amount of power consumption, we define a utility function related to whether UE k being admitted into the network or not together with the resultant average power consumption during the video playback period T as
where ψ > 0 and ω > 0 are the revenue price acquired by serving UE k and the power cost price, respectively. Our objective is to maximize the sum utility (network utility) whilst guaranteeing the QoS requirements of the servedUEs. The resultant NUM problem is formulated as
Remark 2: The network utility can be regarded as a tradeoff between the revenue acquired by supporting these S served-UEs and the costs induced by the power consumption. It makes practical significance for network operators in maximizing the number of UEs that the BS can support simultaneously whilst reducing the power consumption costs. Therefore, the corresponding proposed AC and RA algorithms acquired by solving the problem NUM can be easily implemented in practical wireless video streaming systems.
The problem NUM is a joint optimization of long timescale UE AC indictor ρ k and short timescale RA variables b k (t) and p k (t). In addition, the constraints of the problem NUM couple with the statistical QoS requirement constraint (5) during the long timescale video playback period T , and the bandwidth and power constraints (1) (3) in each short timescale time-slot t, which may make it difficult to find its optimal solution. In order to reduce the computational complexity, we decompose the problem NUM into two tractable sub-problems: the decision of AC in long timescale driven by video playback period, and the decision of RA in short timescale driven by the small-scale fading, which are described in more detail in the next sections.
III. NUM PROBLEM DECOMPOSITION
In this section, we decompose the NUM problem into an AC sub-problem and an RA sub-problem equivalently. Given a control policy , the induced random process X (t) is a controlled Markov chain with the following transition probability 5 Pr
where
Moreover, the induced Markov chain {X (t)} is ergodic, and there exists a unique steady state distribution ϑ X . And hence
In addition, the average number of sub-carriers allocated to served-UE k during the video playback period T is
and b k is in agreement with
is an integer number in each time-slot, b k is a real number during the video playback period. In addition, Eq. (11) gives the bandwidth constraint with respect to b k instead of b k (t), which allows us to focus on the average number of sub-carrier allocation from the long timescale viewpoint.
In order to simplify the problem NUM, we now let the power be identically distributed among sub-carriers (as in many other works, e.g., see [26] and references therein), but this equal-power allocation will be refined by the proposed RA algorithm in Section V aiming to further minimize the average power consumption. Based on the equal-power allocation among sub-carriers, Eq. (6) can be reformulated as
As known, the Rayleigh channel's power follows the exponential distribution [27] , which implies that the data rate R k (t) is also a random variable even under the equal-power allocation. In addition, we have the following theorem.
Theorem 1: Given the sufficiently small threshold level ε k , constraint (5) is equivalent to the constraint expressed below in terms of solving the problem NUM,
where µ a b k is the average data rate of UE k. Recalling that the small-scale channel power gain f k (t) takes values only from a finite state space C and that the large-scale distancedependent path gain s k remains fixed, µ a b k , by definition, is given by
. Proof: Please refer to Appendix A for the proof. Based on the equal-power allocation among sub-carriers, the utility expressed in Eq. (12) is related to the AC indictor ρ k and the average allocated number of sub-carriers b k . In addition, Theorem 1 suggests that the QoS requirements are mainly dominated by the average data rate µ a b k , and it also transfers the QoS requirement into an average data rate requirement during the video playback period T , allowing us now dealing with the UE AC based on the average CSI Y with respect to the large-scale path gain s k and the average data rata µ a b k rather than the instantaneous QSI Q(t) and the instantaneous CSI H(t) in each time-slot. As a result, the AC sub-problem is decoupled from the problem NUM, and is expressed as
By solving the problem AC, we are allowed to acquire the maximum served-UE set S. In addition, once we have obtained the served-UE set S, the objective of the original problem NUM becomes to minimize the average power consumption during the video playback period T , for the reason that, given the served-UE set S, the first term in the bracket in Eq. (6) is a constant for any served-UE k. Hence, given the served-UE set S, the network utility can be rewritten as
The reformulated utility expressed in Eq. (16) is related to the transmit power P k (t) in time-slot t, ∀t = 1, · · · , T , and is independent from the acquired revenue ψ, which is related to the number of served-UEs S. Hence, given the served-UE set S, the RA sub-problem can be decoupled from the problem NUM, and is expressed as
Remark 4: The original problem NUM is equivalently decomposed into two sub-problems, namely, the sub-problem AC and the sub-problem RA. From the network operator's point of view, the objective of AC is to admit as many UEs as possible such that the total revenue earned from served-UEs is maximized, and the objective of RA is to minimize the total cost by serving a given set of served-UEs [19] - [24] . As a result, the fact that we decompose the network utility into two sub-problems with different objectives are valid and reasonable from both theoretical and practical point of view. Note that the decision of AC is made in long timescale and depends on the average data rate µ a b k as well as the average CSI Y with respect to the long term path gain s k , whereas the decision of RA is made in short timescale and is subject to the global system state X (t) consisting of the instantaneous CSI H(t) and the instantaneous QSI Q(t) in each time-slot t. Hence, we are allowed to solve these two sub-problems separately at two timescales: long timescale driven by the video playback period and short timescale driven by the small-scale fading.
IV. ADMISSION CONTROL
In this section, we shall solve the problem AC and develop an AC algorithm, which selects a maximum UE set to meet their QoS requirements associated with UE perceived video quality during the long timescale video playback period T . Afterwards, we present a UE AC criterion that determines whether to allow a new UE to join into the network such that the QoS requirement of each existing served-UE is not compromised.
A. OPTIMAL POLICY FOR ADMISSION CONTROL
Recall that Theorem 1 transfers the QoS requirements into an average data rate requirements during the video playback period T . As a result, we have the following Corollary 1 to acquire the minimum average number of sub-carriers required to meet the QoS requirement under the equal-power allocation.
Corollary 1: Given the sufficiently small threshold level ε k and constant playback rate µ k , the minimum average number of sub-carriers required by UE k under the equal-power allocation among sub-carriers is
Proof: The proof follows directly from Theorem 1. According to Corollary 1, we are capable of computing the minimum average number of sub-carriers required by each UE to support their QoS requirements during the video playback period T . Based on the equal-power allocation among sub-carriers, the UE AC scheme to maximize the number of served-UEs is given by Theorem 2.
Theorem 2: In order to maximize the network utility, the AC scheme to select the maximum served-UE set is as follows. Let l (i) be the sorting operation in increasing order on b min k so that b min l(i) is the i th sorted element ∀i = 1, 2, · · · , K , then the maximum number of served-UEs is
Proof: Please refer to Appendix B for the proof. Theorem 2 presents the optimal UE AC scheme that selects the maximum set of UEs such that all selected UEs can meet their QoS requirements during their video playback periods, for the reason that it is based on each served-UE operating at the minimum bandwidth required to maintain the QoS requirements. According to Theorem 2, we shall develop an AC algorithm, which is outlined in Algorithm 1.
Algorithm 1 AC Algorithm
in increasing order, and set ρ k = 0, ∀k ∈ K. 3. Set ρ k * = 1 first such that UE k * has the minimum b min k till: (a) the sum of the minimum bandwidth requirements of the selected UEs exceeds the total bandwidth B; or (b) meet the minimum bandwidth requirements of all UEs; or (c) u k * ≤ 0.
Corollary 2:
In order to maximize the network utility whilst guaranteeing the QoS requirements, the average data rate µ a b k , ∀k ∈ S, converges to the playback rate µ k .
Proof: The proof follows directly from Theorem 2.
B. USER AC CRITERION
In this sub-section, we consider the UE AC criterion, whereby a set of served-UEs are already using the wireless network resources for video streaming, and a new UE enters the network. For this scenario, we derive the UE AC criterion, which ensures that (a) the new admitted UE meets its target QoS requirement, and (b) the current served-UEs' QoS requirements are not jeopardized by the new admitted UE. This UE AC criterion is presented in Corollary 3. Corollary 3: In order to maximize the network utility, a new UE k new with threshold level ε k new can be admitted into the network with S existing served-UEs if
where b min k new is the minimum average number of sub-carriers required by the new UE to meet its QoS requirement.
V. POWER AND SUB-CARRIER ALLOCATION
In this section, we investigate the power and sub-carrier allocation for a given served-UE set S. We first decompose the problem RA into S served-UE-side sub-problems and one BS-side sub-problem with the aid of the primary decomposition approach [28] , and then solve these S + 1 sub-problems jointly. Correspondingly, we develop a power and sub-carrier allocation algorithm to minimize the average power consumption.
A. POWER AND SUB-CARRIER ALLOCATION SCHEME
A CMDP can be characterized by a tuple of four objects, namely the state space, the action space, the transition probability kernel and the per-stage reward function [35] . In our RA problem, we could associate these four objects as follows:
• State Space: The state space for the CMDP is given by X (t) as defined in Definition 1.
• Action Space: The action space of the CMDP is given by as defined in Definition 3.
• Transition Kernel: The transition kernel of the CMDP is given by Eq. (8).
Per-stage
• Reward: The per-stage reward function of the CMDP is given by P =
The problem RA is typically a CMDP associated problem with state X (t) and control policy . Note that the space of the global system state X (t) is large, and its size increases exponentially with the number of served-UEs [17] , [18] . Hence, the global system state based solution to the problem RA has exponential complexity, which is highly unpractical for existing wireless video streaming systems with QoS requirements. According to Corollary 2, we further note that each served-UE shall be associated with a rate requirement R req k (t) in time-slot t such that the QoS requirement expressed as Eq. (5) is guaranteed and the average power consumption is minimized. In addition, we can acquire the rate requirement R req k (t) of served-UE k based on the local system state X k (t) instead of the global system state X (t) by using approximate MDP and distributed stochastic learning [29] to further reduce the state space and the resultant computational complexity. 6 Based on the analysis above, we decompose the problem RA into a served-UE-side sub-problem URA and a BS-side sub-problem BRA to obtain a distributed and low complexity solution. The UE-side sub-problem URA is to determine the transmission rate requirement R req k (t) for each served-UE. Each served-UE desires to utilize the minimum average power consumption in time slot t, while the QoS requirement of each served-UE is guaranteed. The BS-side problem BRA allocates power and sub-carriers in each time-slot to guarantee the transmission rate requirement of each served-UE acquired by solving the problem URA.
The sub-problem URA is formulated as
By employing the primary decomposition approach [28] , the problem URA can be further decomposed into S served-UE-side sub-problems, formulated as
The resource control policy associated with the problem URA k is denoted by k = k,p , k,s , where k,p and k,s are the power control sub-policy and the sub-carrier control sub-policy of served-UE k, respectively. At the beginning of time slot t, served-UE k determines the control policy k to minimize the average power consumption whilst its QoS requirement is guaranteed. Based on the acquired k , served-UE k, ∀k ∈ S, further determines an instantaneous data rate requirement, i.e., R req k (t) = k (X k (t)), at which it desires to transmit in time-slot t, ∀t = 1, · · · , T , and then sends the instantaneous data rate requirement R req k (t) to the BS to bid the power and sub-carriers for video streaming.
Once the instantaneous data rate requirement R req k (t) in time-slot t is determined by solving the problem URA k , ∀k ∈ S, the power and sub-carrier allocation problem at the BS-side BRA is a typical resource allocation problem with regard to rate requirements, power and bandwidth constraints [11] . Accordingly, this BS-side problem BRA is formulated as
Remark 5: The primary decomposition approach based decomposition of the problem RA can be interpreted as an auction [30] , and the structure of the decomposition is shown in Fig. 2 . Each seved-UE acts as a bidder and bids for the resources (power and sub-carriers) to meet its own QoS requirement. The BS acts as an auctioneer, and allocates power and sub-carriers to bidders. Served-UE k bids in the form of the instantaneous data rate requirement R req k (t) acquired by solving the problem URA k . The rate bid of served-UE k depends only on its own CSI h k (t) and QSI Q k (t). If the BS receives the served-UEs' bids (i.e., the rate requirement R req k (t)), the BS allocates power and sub-carriers to served-UEs in each time-slot such that the QoS requirements of these S served-UEs are guaranteed.
B. RESOURCE ALLOCATION PERFORMED AT BS-SIDE
With equal-power allocation among sub-carriers, we can derive the minimum expected number of sub-carriers allocated to served-UE k in time-slot t as follows
We adopt the proportional fair (PF) algorithm to determine the sub-carrier allocation priority γ k = R req k (t)/R k , ∀k ∈ S, where R k = (1 − 1/t) R k + 1/tR k (t) denotes the average transmission rate of served-UE k [31] . Given the total number of sub-carriers B, sub-carriers are assigned to the served-UE k , i.e., b k (t) = n k (t), who has the highest sub-carrier allocation priority first and continuously to the served-UE of lower sub-carrier allocation priority until 7 (a) the total number of sub-carriers has been assigned out 8 or (b) all the instantaneous rate requirements of all served-UEs are met. 9 The intuition behind this approach is twofold. First, the served-UE will bid in the form of the higher instantaneous rate requirements under two conditions: either the channel condition is very good, in which case, the transmission at higher rate saves power, or the playback buffer is close to be empty. Thus selecting a served-UE with larger γ k for transmission benefits either power savings or avoiding empty 7 The pseudocode of this process is given by Step 2 in Algorithm 2. In addition, Eq. (23) is similar to the problem investigated in [11] , and similar analysis on these two termination conditions can be found in [11] . 8 In such a case, n k (t) > B due to the time-varying nature of wireless channels, and the number of sub-carriers, b k (t), allocated to some served-UEs with lower sub-carrier allocation priority is zero such that Eq. (1) holds. 9 In such a case, playback buffer. Second, PF algorithm maintains fairness and provides QoS guarantees among all served-UEs with different playback rates.
After the sub-carrier allocation process mentioned in the above paragraph is over, if there still exists unallocated sub-carriers available, we shall directly employ the sub-carrier allocation method proposed in [11] to allocate the remaining sub-carriers to these S served-UEs. Once the sub-carrier allocation is acquired, we shall directly employ the power control algorithm proposed in [12] to refine the initial equal-power allocation aiming to further minimize the average power consumption.
The proposed sub-carrier and power allocation performed at the BS-side is outlined in Algorithm 2.
Algorithm 2 Power and Sub-carrier Allocation at BS-Side
Require: P max , B, W , N 0 , H(t).
1. Receive R req k (t), ∀k ∈ S . Calculate {n k (t) , k ∈ S} using Eq. (24), and then calculate {γ k , k ∈ S}. Set b k (t) = n k (t), ∀k ∈ S. 
While
Endwhile. 3. Employ the sub-carrier allocation method proposed in [11] to allocate the remaining sub-carriers, such that 4. Employ the power control algorithm proposed in [12] to refine the initial equal-power allocation. 5. Calculate the data rate {R k (t) , ∀k ∈ S}, and then transmit video bits to served-UEs. Update R k , k ∈ S . 6. Repeat 1-5 in each time-slot till the current playback period T ends.
C. RESOURCE ALLOCATION EXECUTED AT SERVED-UE-SIDE
The constrained problem URA k can be converted into an unconstrained problem using the Lagrangian approach [32] . Let β k ≥ 0, ∀k ∈ S, be a real number termed as the Lagrange Multiplier (LM) of served-UE k. We define the Lagrangian associated with the problem URA k as
Thus, the corresponding unconstrained MDP for a particular LM β k is given by
where G (β k ) represents the Lagrange dual function. The dual problem of the primal problem in problem URA k is given by max
Using standard optimization theory [33] , the problem in (25) has an optimal solution for a particular choice of the LM β k = β * k , where β * k is chosen to satisfy QoS requirement. Moreover, the following saddle point condition holds,
In other words, * k , β * k is a saddle point of the Lagrangian, then * k is the primal optimal, β * k is the dual optimal and the duality gap is zero. Therefore, by solving the dual problem, we can obtain the primal optimal * k . For a given β k , the optimizing policy for the unconstrained MDP in (25) can be obtained by solving the Bellman equation w.r.t. (θ, {V k (X k )}) as below [40] (27) where θ is the optimal average reward, V k X i k is the value function of the MDP of served-UE k, and X i k is the realization of the state X k (t).
The power and sub-carrier control policy associated with the problem URA k can be acquired by minimizing the right hand side of (27) . However, the control policy k consists of a power control sub-policy k,p and a sub-carrier control sub-policy k,s , and it is difficult for us to acquire the power control sub-policy k,p together with the sub-carrier control sub-policy k,s simultaneously. In order to reduce the computational complexity, we transfer the policy k to a single power sub-policy k,p based on Theorem 3 below.
Theorem 3: For served-user k, the policy k = k,p , k,s is equivalent to the policy k = k,p , B in terms of solving the Bellman equation (27) .
Proof: please refer to Appendix C. Since the power control policy k,p is a function of the value function V k (X k ) as well as the LM β k according to Eq. (27), we shall employ stochastic approximation and reinforcement learning algorithm to estimate {V k (X k )} and LM β k for each served-UE k [34] . These served-UEs use this learning algorithm to determine the data rate at which they wish to transmit in each time-slot. Based on the current observation X k (t), the complete primal-dual learning algorithm can be expressed as
VOLUME 6, 2018
where is the projection onto an interval for some Z > 0, V k,t (X k (t)) is the value function in time-slot t related to state X k (t) and f k,t , e k,t are the step size sequences satisfying the following conditions:
The outline of served-UE-side algorithm is illustrated in Algorithm 3. The initial value function, LM and playback queue length are initially set to be zeros.
Algorithm 3 Operation at Served-UE-Side
1. Observe the current state X k (t).
2. Determine the instantaneous data rate requirement R req k (t) according to (28) . 3. Inform the BS of R req k (t) and wait for receiving the video bits transmitted from the BS. 4. Update the value function and LM according to (29) and (30), respectively. 5. Repeat 1-4 in each time-slot till the current playback period T ends.
D. CONVERGENCE ANALYSIS
Theorem 4: For the Algorithm 2 and Algorithm 3, the iterates V k,t , β k,t converge to the optimal values, i.e., V k,t , β k,t → V * k , β * k . Moreover, the convergence V k,t , β k,t → V * k , β * k implies that the QoS requirements of the served-UEs are satisfied.
Proof: We have to prove that the LM and value function of each served-UE are convergent, the proof of which is similar to that of the single-user algorithm in [35] . We omit it due to space, and interested readers can refer to [35] for details. Once the LM and the value function of each served-UE converge, according to Theorem 1, Theorem 2 and Corollary 2, the served-UEs' QoS requirements are satisfied during the video playback period T . Fig. 3 summarizes the overall solution and the interrelationship of the AC and RA algorithms. The decision of AC is made in a long timescale and depends on the average CSI Y. The decision of RA is made in a short timescale and depends on the instantaneous CSI H(t), QSI Q(t), the power constraint and the sub-carrier constraint. In order to maximize the network utility, we first employ the AC algorithm and AC criterion to determine the set of served-UEs such that all served-UEs can meet their QoS requirements during their video playback periods, and then we employ the RA algorithms to allocate power and sub-carriers based on the instantaneous CSI H(t) and QSI Q(t) in each time-slot to provide QoS guarantees for served-UEs. 
VI. IMPLEMENTATION CONSIDERATIONS A. SUMMARY OF THE OVERALL SOLUTION

B. SIGNALING OVERHEAD AND COMPUTATIONAL COMPLEXITY
For a system with K UEs, we need log 2 K bits of information to distinguish these K UEs. In addition, we need one more bit to stand for whether a UE is admitted to join into the network or not. As a result, in the stage of AC, the total number of bits for signaling overhead is K log 2 K + 1 . With the information of modulation schemes and the information of which sub-carrier is allocated to it, served-UE k can acquire the information of R k (t). Hence, the number of bits for the signaling of R k (t) includes two parts: (a) with the total number of sub-carriers being B, there should be B bits of information to be conveyed to each served-UE in each time-slot to distinguish which sub-carrier is allocated to it; (b) when considering practical modulation schemes, we may have few possible bit rates per Hz and the maximum bit rates per Hz denoted as is finite, and hence we need log 2 ( ) bits of information to distinguish these different modulation schemes. Based on Theorem 3, we solve the Bellman equation under the policy k = k,p , B , which suggests that the maximum required transmission rate R req k (t) is BW τ L packets/time-slot. Hence, we need log 2 1 + BW τ L bits of information per time-slot to be conveyed for every served-UE in the power and sub-carrier allocation stage. For example, we just need 6 bits to represent the instantaneous data requirement R req k (t) for each served-UE in the simulation. Recalling that the channel power gain f k (t) takes values from finite space with M values, the total bits of information to measure the CSI is Slog 2 M in each time-slot, for the reason that s k remains fixed and f k (t) is i.i.d between time-slots. As Algorithm 3 is performed at served-UE side, there is no signaling overhead for transmitting QSI to the BS. In summary, the overhead signaling imposed by the proposed joint AC and RA algorithms is trivial.
AC algorithm mainly involves a sort algorithm, and hence the order of operations of Algorithm 1 is O K log 2 K . The state space at each served-UE-side is equal to M Q th + 1 , which is much less than the system space M Q th + 1 S .
The complexity of sub-carrier and power allocation algorithm at the BS-side is O (BS).
VII. SIMULATION RESULTS
A. SIMULATION MODELS AND PARAMETERS
The system under our simulation consists of one BS with radius of 300m. We assume that UEs are randomly located around the BS, and the minimum distance between the UE and the BS is 50m, i.e., the used distances between UEs and the BS are randomly generated in [50m 300m] in each simulation run. The total bandwidth is 2MHz and is identically divided into B = 32 sub-carriers. We set α = 5, T = 10 4 and N 0 = −170dBm/Hz. The packet length is L = 500bit, and the playback buffer size is Q th = 50Mbit. The playback rates µ k among UEs are randomly selected from the space R = {0.5Mbps, 1Mbps, 1.5Mbps, 2Mbps}, and the threshold levels of all UEs are the same and equal to 0.01. The power cost price and the revenue price are ω = 1 and ψ = 2, respectively. We set f k,t = 1 t 0.7 and e k,t = 1 t in the simulation. The length of one time-slot is 1 millisecond as specified in the 3GPP LTE-A standard. The system performance (Fig. 7,  Fig. 8 and Fig. 9 ) are acquired by averaging over 1000 simulation runs.
We assume that small-scale fading is subject to Rayleigh fading, and we set the channel state space C = {−13dB, −8.47dB, −5.41dB, −3.28dB, −1.59dB, −0.08dB, 1.42dB, 3.18dB} in the simulation, which has been justified in [35] . The following practical modulation schemes, Binary Phase Shift Keying (BPSK), Quadrature Phase shift Keying (QPSK), 8-Quadrature Amplitude Modulation (QAM), 16-QAM, 32-QAM, 64-QAM, 128-QAM and 256-QAM, are employed in the simulation.
Similar to [24] , the maximal signal to noise ratio (Max SNR) AC scheme, that is, the maximum number of the highest average SNR UEs that can be supported such that they can meet their QoS requirements is admitted into the system, is employed as the AC baseline scheme in our simulations. Our proposed algorithm is compared with the following three baselines in the simulations. Baseline 1 is comprised of the Max SNR AC scheme and our proposed RA algorithms. Baseline 2 is composed of the Max SNR AC scheme and the RA algorithm proposed in [11] . In Baseline 3, the maximum number of UEs with the minimum required average number of sub-carriers are admitted into the system for acquiring video service, and the RA algorithm proposed in [11] is employed. Fig. 4 and Fig. 5 illustrate the convergence property of the proposed RA algorithm in a system with P max = 2Watt and The proposed power and sub-carrier allocation algorithm converges very quickly. Since the length of one time-slot is set as 1 millisecond in the simulation, it says that the convergence can be achieved in about 1 second. The convergence time is far less than the video playback period, which is typically on the order of minutes or hours. Hence, the proposed RA algorithm can be easily implemented in practical video streaming systems. We plot the average data rates of served-UEs versus the time-slot in Fig. 5 . We observe that the average data rates of served-UEs approximate to the constant playback rates. According to Corollary 2, it is reasonable because we can make sure that the QoS requirements of served-UEs who have accessed to the network are guaranteed if the average data rates approximate to the constant playback rates. In addition, the phenomenon that the average data rates approximate to the constant playback rates verifies the proposed NUM problem decomposition approach, and also demonstrates that the proposed AC and RA algorithms are optimal.
B. CONVERGENCE OF THE RESOURCE ALLOCATION ALGORITHM
C. ADVANTAGES OF THE PROPOSED ALGORITHMS Fig. 6 depicts the average power consumption versus the time-slot in a system with P max = 2Watt and K = 10. We observe that the average power consumption is also convergent. Moreover, the proposed RA algorithm outperforms the CSI only based RA algorithm developed in [11] . This is due to the fact that the proposed RA algorithm achieves an VOLUME 6, 2018 adaptive transmission data rate with respect to both QSI and CSI. Fig. 7(a) and Fig. 7(b) illustrate the maximum number of served-UEs and the network utility versus the maximum transmit power P max in a system with K = 30, respectively. We observe that the proposed algorithm outperforms the baselines in both the maximum number of served-UEs and the network utility, and the reason is twofold. Firstly, the proposed RA algorithm takes the joint effect of channel dynamics and playback queue dynamics on system performance into consideration, while the RA algorithm proposed in [11] ] only takes the CSI into account. Secondly, the proposed AC scheme chooses the UEs with the minimum resource requirements to access to the network with limited resources in terms of power and sub-carriers. Specifically, the system performance cannot be significantly improved when P max is greater than 3Watt. This is due to the fact that we set the maximum bit rates per Hz equal to 8 with the consideration of the spectral efficiency of the practical modulation schemes, and hence the maximum system capacity is still limited even P max being large enough. Fig. 8 shows the system performance versus the number of UEs K in a system with P max = 2Watt. As expected, the proposed algorithm outperforms the baselines in terms of both the maximum number of served-UEs and the network utility. We observe that both the number of served-UEs and the network utility increase as K increases due to the UE diversity. Specifically, the proposed algorithm does not significantly improve the system performance in terms of the maximum number of served-UEs and the network utility over baselines when K is small. It is reasonable that the system has sufficient resource (sub-carriers and power) to support all these K UEs when K is small. Fig. 9 depicts the system performance versus the revenue price ψ and the power cost price ω in a system with P max = 2Watt and K = 30. As expected, the proposed algorithm outperforms the baselines in both the maximum number of served-UEs and the network utility under different revenue prices and power cost prices. Main important observations from Fig. 9 are outlined as follows.
• The maximum number of served-UEs increases as ψ increases when ψ is small. The reason for this phenomenon is that the larger ψ is, the larger the utility is and the more UEs are admitted to join into the system according to Algorithm 1. Moreover, the maximum number of served-UEs is limited when ψ is large enough, for the reason that the maximum transmit power and the number of sub-carriers of the system are limited.
• With a small ψ, the smaller the ω is, the larger the number of served-UEs is; with a large enough ψ, different values of ω make no difference in the number of served-UEs. The reason for this phenomenon is twofold. Firstly, with a small ψ, the utility u k (Eq. (12)) of some UEs will be smaller than or equal to zero, and these UEs with u k ≤ 0 will not be admitted to join into the system according to Algorithm 1. In addition, it is obvious that the larger the ω is, the larger the number of UEs with u k ≤ 0 is, which results in a smaller number of served-UEs. Secondly, with a large enough ψ, the utility u k of all UEs are larger than zero. In such case, the number of served-UEs does not depend on the ω and the resultant u k but on the limited transmit power and the number of sub-carriers of the system according to Algorithm 1.
• The network utility increases linearly as the revenue price ψ increases. This is due to the fact that, given ρ k , ω, b k (t) and p k (t), the utility u k expressed as Eq. (6) is a linearly increasing function of ψ, and the network utility in Eq. (7) is the sum of u k , which suggests that the network utility is also a linearly increasing function of ψ. Specifically, the smaller the cost price ω is, the larger the network utility is, for the reason that the network utility is a decreasing function of ω according to Eq. (6) and Eq. (7).
VIII. CONCLUSIONS AND FUTURE WORK
This paper has investigated the joint AC and RA in OFDMA video streaming systems with user perceived QoS guarantees. In order to perform AC and RA tractably, we designed an analytical framework and formulated a stochastic NUM problem, by solving which, we can make sure that as many users as possible are admitted to join into the network whilst providing guaranteed QoS support for them, and that the resultant power consumption cost is minimized. Regarding the proposed analytical framework and the resultant NUM problem, we first equivalently decomposed the NUM problem into an AC sub-problem and an RA subproblem, and then proposed practical operational AC and RA algorithms for OFDMA video streaming systems. In particular, the decision of AC is made in a long timescale driven by the video playback period and depends on the average CSI, whereas the decision of RA is made in a short timescale driven by the small-scale fading and is subject to both instantaneous CSI and QSI. Furthermore, we analyzed the signaling overhead and computational complexity for practical implementation. Specifically, the proposed algorithms make practical significance for network operators in maximizing the number of users that the BS can support simultaneously and reducing the power consumption costs, and, broadly, contributes to the low-carbon life and the wide applications of wireless videos.
The proposed algorithms in this paper are suitable for constant-bit-rate (CBR, constant encoding & decoding rate, e.g., MPEG-1 and MPEG-4) video streaming over OFDMA systems. Besides CBR video streaming, there are some variable-bit-rate (VBR, variable encoding & decoding rate, e.g., H.263) video applications in realistic systems. As a result, in the future work, we will extend our proposed analytic framework and the resultant RA and AC algorithms to VBR video streaming OFDMA networks. Moreover, for much more complicated networks with coexistence of both VBR and CBR video streaming, how to design analytical framework and develop practical operational AC and RA algorithms is also well worth studying in the future.
APPENDIX A PROOF OF THEOREM 1
The dynamics of the playback buffer of served-UE k can be reformulated as
With equal-power allocation among sub-carriers, the mean µ a b k of R k (t) in the steady state ϑ X is
The mean of the constant playback rate of served-UE k is µ k , the variance of which is zero. The discrete playback queue length Q k (t) = L τ Q k (t) can be approximated by a diffusion process Q k t . This diffusion process captures the original process through its first-and second-order statistics in equilibrium, and can be modeled as the Brownian motion [36] 
and G obeys a normal distribution with zero mean and unit variance.
Given the initial queue size at Q k t = 0 = q 0 , the conditional probability density function of Q k t , t > 0, can be expressed as
which satisfies the forward diffusion equation
under the boundary condition Q t ≥ 0, t > 0. With the aid of the method of images [37] , we are allowed to solve the partial differential equation above, and we have p q, t , q 0 = ∂ ∂q
where (x) is the standard normal integral: (x) = x −∞ (2π ) −0.5 exp −0.5z 2 dz. Given the initial playback queue length q 0 = 0 and letting t → ∞, the following statements are acquired.
• for β ≥ 0, p q, t ; 0 approaches zero for all q, and
• for β < 0, the probability that the queue is empty is
Given the sufficiently small threshold level ε k , we have the following statement based on Eq. (38) and Eq. (39) .
For a rejected-UE k * , the BS does not allocate any subcarrier and power to it, and hence
From Eq. (39) and Eq. (40), the QoS constraint can be rewritten as a unified expression, expressed as
APPENDIX B PROOF OF THEOREM 2
The minimum average number of sub-carriers required by each UE is given by Eq. (18) such that the QoS requirements can be met. Given b min k , ∀k, the problem of finding the maximum served-UE set S transforms into a special case of the Knapsack problem [38] where all items (UEs) have value v k = u k = ψ − ω 
APPENDIX C PROOF OF THEOREM 3
We define the sub-carrier allocation Q-factor of state X i k under sub-carrier allocation action b k as
and the optimizing policy for the unconstrained MDP can be obtained by solving the Bellman equation below.
The BS allocates sub-carriers to achieve the maximum sum bids, i.e.,
where b * denotes the optimal sub-carrier allocation.
The sub-carrier Q-factor q k (X k , b k ) can be decomposed into the sum of the per-sub-carrier Q-factor q k,n X k,n , 1 , n = 1, · · · , B, [39] 
The equation above indicates that the policy associated with the problem URA k is k = k,p , B . 
